INTRODUCTION
The first unconfirmed outbreaks of highly pathogenic avian influenza (HPAI) virus infections in North America occurred in the 1920s and were described as European 'fowlplague' viruses on the basis of characteristic pathology; however, these virus isolates were not maintained and their identification remains speculative (reviewed by Lupiani & Reddy, 2009; Swayne, 2009 (Walker & Bannister, 1953) , pathogenic influenza viruses were not isolated from North American poultry until the 1960s. Beginning with this time period, numerous influenza serotypes were isolated from turkeys (Lang & Ferguson, 1981) , including the first confirmed North American isolate of HPAI, A/turkey/Ontario/ 7732/1966 (H5N9) [tk/ON/7732/66 (H5N9)], from an outbreak in a turkey breeder flock (Lang et al., 1968a) . Several laboratories have confirmed the diagnosis of HPAI for tk/ON/7732/66 (H5N9) on infection of turkeys and chickens (Alexander et al., 1986; Lang et al., 1968a; Philpott et al., 1990) , and the haemagglutinin (HA) sequence of this virus showed that it had acquired a multibasic cleavage site, which is characteristic of HPAI (GenBank accession no. AAA43205). The 1966 Ontario outbreak of HPAI was preceded, 3 months earlier, by an outbreak of low-pathogenic avian influenza virus A/turkey/Ontario/ 6613/1966 (H5N1) [tk/ON/6213/66 (H5N1)] in an unrelated turkey farm in Ontario (Lang et al., 1968b) , which has been speculated to be a possible precursor virus (Swayne, 2009 ). The isolating laboratory did not report the neuraminidase (NA) serotype of this virus at the time (Lang et al., 1968b) but later identified it as H5N1 (Lang & Ferguson, 1981) . Although tk/ON/6213/66 (H5N1) is classified as low pathogenic, it caused mortality in turkey and chicken embryos as well as young turkeys, which developed pancreatitis (Lang et al., 1968b; Rouse et al., 1968) , which was a clinical feature that it shared with HPAI tk/ON/ 7732/66 (H5N9) for adult turkeys (Narayan et al., 1969a, b) .
Host switching by influenza A virus from the wild aquatic bird reservoir often involves adaptation in domestic aquatic and terrestrial poultry with subsequent evolution to HPAI as seen for some H5 and H7 serotypes (Webster et al., 1992) . HPAI was first observed in Europe in 1878 and during the early 1900s for H7 and later for H5 subtype viruses (Lupiani & Reddy, 2009 ). The current epizootic of HPAI H5N1 in Eurasia is caused by a lineage of viruses that first emerged in China as the A/goose/Guangdong/1/1996 (H5N1) strain, which continued to reassort with other avian strains to become endemic in terrestrial and aquatic poultry and later in wild birds (Guan et al., 2003; Mukhtar et al., 2007; Shaw et al., 2002; Zhao et al., 2008) . The current H5N1 lineages continue to evolve and spread in wild and domestic birds with the continuing possibility of human adaptation Li et al., 2004) . The genesis of this lineage is complex, having derived genome segments from multiple progenitor viruses of low pathogenicity (Mukhtar et al., 2007) . Little is known of the genetic features that are responsible for the evolution of virulence in this lineage of HPAI viruses, although roles have been demonstrated for the multibasic cleavage site in the HA receptor and RNA polymerase subunits (Basler & Aguilar, 2008) . Genetic analysis has been hampered by the lack of a low-pathogenic H5N1 precursor for comparative analysis. This situation emphasizes the need to further understand host switching and virulence in influenza viruses so that emerging viruses in animals and humans can be predicted and eradicated.
To address the possibility that tk/ON/6213/66 (H5N1) was an evolutionary precursor of HPAI tk/ON/7732/66 (H5N9), we performed genome sequencing of tk/ON/6213/66 (H5N1) and 11 other early poultry and avian influenza isolates with collection dates spanning . We showed that tk/ON/6213/66 (H5N1) was the closest known potential genetic relative and donor of six of the eight genome segments of HPAI tk/ON/7732/66 (H5N9). Future studies of the role of individual genes of both of these viruses will provide insights into the evolution of virulence for tk/ ON/7732/66 (H5N9).
RESULTS
The genomic sequence of tk/ON/7732/66 (H5N9) was available; however, only two other North American avian influenza virus genome sequences were available from this early time period for comparative sequence and phylogenetic analysis before this report. We therefore sequenced the genomes of 11 early poultry and waterfowl virus isolates that were collected between 1956 and 1979, which are listed in Table 1 . Viruses were grown in the allantoic cavity of embryonated chicken eggs with extraction of viral RNA for sequencing of each genome segment. The GenBank accession numbers for each genome segment are listed alphabetically in Table S1 (available in JGV Online). The tk/ON/6213/66 (H5N1) sequence analysis identified it as a mixture, with H3 and H4 genes from other viruses in the same sequencing project, indicating cross-contamination at some point in the analysis. We therefore purified tk/ON/ 6213/66 (H5N1) by two cycles of plaque isolation with partial sequencing of each genome segment to confirm that the genomic sequence was correct (data not shown). The serotypes of all other isolates were confirmed to be correct by BLAST analysis of their respective HA and NA genes. We then determined the phylogenetic relationship of each genomic segment of tk/ON/7732/66 (H5N9) compared with those of all available full-genome sequences from early avian virus isolates collected up to the end of 1980. Phylogenetic analysis of the HA genes showed that all the newly sequenced viruses mapped to branches that corresponded with their expected HA and NA serotypes (Fig.  S1 ). The HPAI tk/ON/7732/66 (H5N9) H5 gene was most closely related to the turkey tk/ON/6213/66 (H5N1) and tk/WI/68 (H5N9) viruses on a branch associated with turkey and waterfowl viruses of the H5N2 serotype ( Fig. 1 and Fig. S1 (Fig. 2) . The tk/ON/7732/66 (H5N9) cleavage site therefore possessed a sequence of five basic amino acids at the cleavage site with the sequence RRKKR/G (the three additional basic amino acids shown in bold).
The phylogenetic tree of the polymerase subunits PB2 and PB1 showed that tk/ON/7732/66 (H5N9) was most closely related to tk/ON/6213/66 (H5N1) and clustered among other closely related turkey viruses of various subtypes from the USA and Ontario including tk/ON/68 (H8N4) and tk/WI/68 (H5N9), with both genes originating from North American waterfowl (Figs 1 and S1). The polymerase subunit PA gene phylogeny showed that the tk/ON/7732/ 66 (H5N9) genome segment was most closely related to tk/ ON/6213/66 (H5N1) among related North American aquatic waterfowl viruses that also included some turkey viruses (Figs 1 and S1). The nucleoprotein (NP) phylogenetic tree showed that tk/ON/7732/66 (H5N9) was on a common branch with a shorebird and other poultry viruses, with preceding branch points with linkage to Ontario and North American turkey viruses but with longer horizontal branch lengths indicating greater sequence divergence and thus evolutionary distances separating these viruses (Figs 1 and S1). 
Comparison of tk/ON/7732/66 (H5N9) genome segments by nucleotide identity
To quantify further the extent of sequence similarity among avian influenza virus genes, we performed global BLAST analysis of each tk/ON/7732/66 (H5N9) genome segment against all influenza genes in GenBank. We found that the genes with the closest phylogenetic similarities to tk/ON/7732/66 (H5N9) in general also possessed the highest levels of nucleotide identity, with the highest identity levels observed for the tk/ON/6213/66 (H5N1) PB2 of 99.3 %, PB1 of 98.5 % [and 98.9 % for ON/ 68(H8N4)], PA of 99.2 %, HA of 97.8 %, NP of 96.2 % and NS of 99.1 % ( Table 2 ). The NA gene was most closely related to tk/WI/68 (H5N9) (98.5 %) and the M genes with A/turkey/California/189/66 (H9N2) [99.2 %; also closely related to ON/68 (H8N4) with 97.1 % identity] ( Table 2) . These nucleotide identities represented the greatest similarities seen on BLAST except for the NP gene, which was most closely related to the early Canadian aquatic poultry virus isolate A/duck/Manitoba/1953 (H10N7) (96.9 % identity; Table 2 ). The genetic similarity by phylogenetic assessment of published full genomes was in general consistent with, and thus supported by, the extent of (Fig. 3) . Thus, the tk/ON/7732/ 66 (H5N9) phylogenetic and gene similarity data indicated that the tk/ON/6213/66 (H5N1) virus that was isolated 3 months earlier (Lang & Ferguson, 1981) shared the largest number of related genome segments by possessing six in common, followed by the 1968 tk/WI/68 (H5N9) virus that possessed five genomes segments of common lineage. The phylogenetic data indicated exchange of genome segments by reassortment among several viruses to generate tk/ON/6213/66 (H5N1) (among H6N2, H5N2 and H6N1), followed by further reassortment to generate tk/ON/7732/66 (H5N9) (among H5N1, H11N9 and H9N2).
tk/ON/6213/66 (H5N1) is more virulent for chicken embryos and mice than tk/WI/68 (H5N9)
To assess the biological similarities of the two viruses with the greatest similarity to tk/ON/7732/66 (H5N9), we assessed the relative virulence of tk/ON/6213/66 (H5N1) and tk/WI/68 (H5N9) viruses in mice and chicken embryos. We could not analyse tk/ON/7732/66 (H5N9) virus infection in eggs and mice because this virus was not available for analysis. Inoculation of the allantoic cavities of groups of four embryos with dosages of virus from 10 2 to 10 6 p.f.u. showed that all dosages of tk/ON/6213/66 (H5N1) resulted in 100 % mortality for the embryo by 2 days postinfection (p.i.) (LD 50 ,10
1.5 p.f.u.), whereas all embryos remained viable for all dosages of tk/WI/68 (H5N9) (LD 50 .10 6.5 p.f.u.) (Table 3) . Similarly intranasal infection of mouse lungs with 10 6 and 10 7 p.f.u. tk/ON/6213/66 (H5N1) resulted in 25 and 75 % mortality, respectively, indicating an LD 50 of 10 6.5 p.f.u., whereas no mortality was observed on infection of mice with 10 6 p.f.u. tk/WI/68 (H5N9) (which was the highest achievable dose for this virus) for an LD 50 .10 6.5 p.f.u. (Table 3) . Comparison of the disease severity by body weight loss for groups of mice infected with 10 6 p.f.u. for each virus showed that tk/WI/68 (H5N9) infection induced maximal weight loss at 3 days p.i. (5 %) followed by recovery, whereas tk/ON/6213/66 (H5N1)-infected mice continued to lose weight until day 6 p.i. with 13 % weight loss (P,0.01 by Student's t-test; Fig.  S2 ) with associated mortality (Table 3) . Thus, tk/ON/6213/ 66 (H5N1) was more virulent than WI/68 (H5N9) for chicken embryos as well as the mammalian mouse host, indicating that it not only shared the greatest number of related genome segments with tk/ON/7732/66 (H5N9) but also shared virulence properties.
DISCUSSION
In order to determine the genealogical relationship of the first confirmed isolate of HPAI in North America, we performed genomic sequence analysis of a number of North American poultry isolates from this time period and Highly pathogenic A/Turkey/Ontario/7732/1966 (H5N9) compared them with tk/ON/7732/66 (H5N9). We identified tk/ON/6213/66 (H5N1) as the closest genetic relative and thus the precursor of the HPAI A/turkey/Ontario/ 7732/1966 (H5N9) isolate. This has expanded our understanding of the early evolutionary events in North American poultry that were associated with the genesis of the first confirmed outbreaks of HPAI in North America. We also confirmed that the tk/ON/6213/66 (H5N1) virus is the first H5N1 serotype in North America and that this virus is virulent for both chicken embryos and mice, indicating that the virus is biologically similar to tk/ON/ 7732/66 (H5N9).
We showed that tk/ON/6213/66 (H5N1) is the closest known genetic relative of tk/ON/7732/66 (H5N9) and thus is the probable precursor that donated six genome segments to A/turkey/Ontario/7732/1966 (H5N9) including the ribonucleocapsid components (polymerase subunits PB2, PB1 and PA plus NP), HA and NS. This set of genes parallels the findings of studies of experimental adaptive evolution of human influenza virus into mouse, which identified the ribonucleoprotein and HA genes as the most adaptive genetic aspects of host switching (Keleta et al., 2008; Ping et al., 2011) , suggesting that these genes may also be important for adaptation of aquatic bird influenza to turkeys. Mouse adaptation has also identified several mutations in NS1 that are involved in host switching (Forbes et al., 2012) . The N9 gene was most closely related to WI/68 (H5N9); however, this virus was the genetic acceptor of this genome segment because it was isolated 2 years later. The N9 gene originated from wild aquatic birds with the closest relative being A/duck/ Memphis/546/1974 (H11N9), as determined by phylogenetic analysis and sequence identity.
In general, all the tk/ON/7732/66 (H5N9) genome segments were in shared lineages with other turkey isolates spanning 1965-1968 that were all rooted in phylogenetic trees emanating from the North American wild aquatic bird reservoir, indicating a flow of genes into poultry from the wild aquatic bird reservoir of influenza A viruses. The turkey H5 lineage originated from North American wild aquatic birds of the H5N2 serotype (Figs 1 and S1 ), which were also the precursors of subsequent HPAI viruses in the USA [A/chicken/Pennsylvania/1370/1983 (H5N2)] and Mexico [A/chicken/Puebla/8624-604/1994 (H5N2)] (Swayne, 2009) , indicating a propensity for this lineage to generate highly pathogenic poultry viruses. The M genome segment was most closely related to A/turkey/California/189/66 (H9N2), which also possessed a close genetic linkage with the wild aquatic bird reservoir (data not shown). The NP gene was most closely related to the prior domestic aquatic H10N7 poultry virus isolate in Manitoba in 1953, linking transmission to terrestrial poultry from wild waterfowl via domestic aquatic poultry and suggesting that related viruses had been maintained in domestic or wild aquatic birds in the Mississippi flyway, which courses through Manitoba and Ontario. The evolutionary pattern is consistent with the adaptation of aquatic bird viruses to turkeys with continued evolution involving reassortment with other viruses introduced from wild aquatic birds (directly or indirectly from domestic aquatic birds). This is a repeated pattern of evolution of terrestrial poultry viruses that has been seen in Europe and Asia (Jadhao et al., 2009; Webster et al., 1992) . Canadian aquatic poultry were characterized as endemically infected during this time period with avian influenza viruses (Lang & Ferguson, 1981) , and surveys of North American aquatic poultry indicate endemic infection with a large number of serotypes of avian influenza but without associated disease (Sandhu & Hinshaw 2003) . The most closely related N1 gene of tk/ON/6213/66 (H5N1) was a domestic duck isolate, A/duck/Pennsylvania/486/1969 (H6N1) (Fig. 3) , which was associated with disease in ducks (Hwang et al., 1970) , suggesting that prior adaptation to increased virulence in domestic ducks may have contributed to entry of this NA gene into turkey viruses. The same turkey farm that generated tk/ON/6213/66 (H5N1) virus was subject to an outbreak of A/turkey/Ontario/4689/1967 (H6N1) 1 year later (Lang & Ferguson, 1981) , raising the possibility that a predecessor of this H6N1 virus could have been the source of the tk/ON/6213/66 (H5N1) NA genome segment (however, this gene sequence was unavailable for analysis). The poultry PB2 and NS1 gene lineages included tk/MA/65 (H6N2) virus, indicating movement of avian influenza among turkeys in North America through movement of turkey stock or possibly biological materials such as semen, which was associated with the outbreak of low-pathogenic tk/WI/68 (H5N9) virus of turkey flocks in Wisconsin in 1968 (Smithies et al., 1969) .
Turkey flocks in Ontario were harbouring multiple subtypes of influenza in the 1960s where 65 outbreaks were recorded between 1962 and 1972 with isolation of viruses of multiple serotypes including H4N6, H5N1, H5N2, H5N9, H6N1, H6N2, H6N8, H8N4 and H9N2 (Lang & Ferguson, 1981) , with a similar pattern of infections in this time period due to multiple serotypes seen in turkey flocks in the USA (Lupiani & Reddy, 2009) . Ontario turkey farms are situated among wetlands, which provide an ideal habitat for waterfowl with the attendant opportunities for transmission of avian influenza viruses into turkeys. The increased occurrence of avian influenza outbreaks in turkeys in North America resulted in changes of husbandry practices from range rearing to housing in order to improve biosecurity and thus Highly pathogenic A/Turkey/ Ontario/7732/1966 (H5N9) prevent infection from wild birds in the environment (Lang & Ferguson, 1981) .
Although the phylogenetic and sequence similarity patterns are consistent with transmission from wild to domestic aquatic birds and then to turkeys, there is a need for further sequence data from wild and domestic poultry prior to 1966 in order to obtain a more complete understanding of the history of adaptation and reassortment events leading to the genesis of the pathogenic turkey tk/ON/7732/66 (H5N9) virus.
Although the tk/WI/68 (H5N9) and tk/ON/6213/66 (H5N1) viruses have five and six genome segments of shared lineage with tk/ON/7732/66 (H5N9), respectively, they differed markedly in their virulence for chicken embryos and mice (Table 3 and Fig. S2 ). The ability of tk/ON/6213/66 (H5N1) to cause lethal infections in mice at high dosage and in embryos at low dosage is consistent with the previously reported lethality in chicken embryos and young turkeys (Lang et al., 1968b; Rouse et al., 1968) , whereas tk/WI/68 (H5N9) was not virulent in chicken embryos or mice, which is consistent with earlier reports that this virus was not pathogenic for turkeys and had a low ability to kill chicken embryos infected via the allantoic cavity (Smithies et al., 1969 . Viruses were cultivated in the allantoic cavity of 9-day-old specific-pathogen-free embryonated chicken eggs (Canadian Food Inspection Agency) for two passages using 0.001 ml inoculum in PBS, as described previously (Brown et al., 2001) . The passage histories before receipt were unknown. tk/ON/6213/66 (H5N1) was also purified clonally by two cycles of plaque isolation in MadinDarby canine kidney (MDCK) cells, as described previously (Brown et al., 2001) , before amplification by two passages in eggs to generate seed and working stocks. Viruses were titrated by plaque assay in MDCK cells, as described previously (Brown et al., 2001) .
Virulence assessment in chicken embryos and mice. Survival of chicken embryos was assessed following infection of the allantoic cavity with dosages that were diluted in PBS to range from 10 2 to 10 6 p.f.u. in 0.1 ml in tenfold increments. Survival was monitored at 2 days p.i. Survival of groups of five 19-21 g female CD-1 mice was monitored for 14 days following intranasal infection with 10 6 or 10 7 p.f.u. of defined viruses, as described previously (Ping et al., 2010) .
Ethics statement. All procedures with animals were performed under the supervision of the University of Ottawa Animal Care and Veterinary Services. The animal study protocol was approved by the University of Ottawa Animal Care Committee. All in vivo research was performed in accordance with the guidelines of the Canadian Council on Animal Care (1993). All efforts were made to minimize suffering: mice were euthanized humanely at the experimental end point when infection resulted in .30 % body weight loss accompanied by respiratory distress and euthanized by CO 2 narcosis.
Genomic sequencing. Virus stocks were grown in embryonated eggs, and 140 ml stock was used for RNA isolation using an RNAeasy kit (Qiagen). cDNA was synthesized and amplified by PCR, as described previously (Ghedin et al., 2005) . The avian influenza genomes sequenced in this study were deposited in GenBank under the accession numbers shown in Table S1 .
Phylogenetic analysis. A total of 127 complete reference avian influenza A virus genome sequences were included in the analysis (Table S1 ), representing all of the unique genome sets available from the Influenza Virus Resource (NCBI) isolated from poultry and waterfowl prior to and including 1980. Maximum-likelihood analysis was performed with MEGA5 (Tamura et al., 2011) using 500 bootstrap replicates. GenBank accession numbers used for phylogenetic reconstruction can be found in the Table S1 . The protein sequences of seven H5 proteins were aligned using MUSCLE version 3.7, spanning aa 281-350 (numbering includes the leader sequence). A/mallard/WI/ 169/1975 (H5N3) was used as the reference, and amino acid substitutions within the alignment are shown in black in Fig. 3 .
BLAST analysis of extent of similarity. BLAST (Altschul et al., 1990) was used on the NCBI website (http://blast.ncbi.nlm.nih.gov/) for comparison of all influenza A genome segments with the nucleotide sequence of each genome segment of A/Turkey/Ontario/7732/1966 (H5N9) (GenBank accession numbers are given in Table S1 ).
